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Abstract

When calculating the optical absorption spectra of molecular crystals from �rst

principles, the in�uence of the crystalline environment on the excitations is of signi�cant

importance. For such systems, however, methods to describe the excitations accurately

can be computationally prohibitive due to the relatively large system sizes involved.

In this work, we demonstrate a method that allows optical absorption spectra to be

computed both e�ciently and at high accuracy. Our approach is based on the spectral

warping method successfully applied to molecules in solvent. It involves calculating

the absorption spectrum of a supercell of the full molecular crystal using semi-local

TDDFT, before warping the spectrum using a transformation derived from smaller-

scale semi-local and hybrid TDDFT calculations on isolated dimers. We demonstrate

the power of this method on three polymorphs of the well known colour polymorphic

compound ROY, and �nd that it outperforms both small-scale hybrid TDDFT dimer
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calculations and large-scale semi-local TDDFT supercell calculations, when compared

to experiment.

1 Introduction

Molecular crystals are a class of solid composed of individual molecules bound together by

relatively weak intermolecular interactions, such as van der Waals forces.1 Molecular solids

have been the subject of extensive interest over the years, thanks to their actual or potential

applications in �elds such as organic LEDs,2 ferroelectrics,3 pharmaceuticals,4 and solar

cells.5 One of the key features of many molecular solids is polymorphism: the ability of

the same compound to form several di�erent structures, depending on the temperature,

pressure, and other conditions. Importantly, this di�erence in structure can manifest itself

in di�erences between the observable properties of the polymorphs; for example, di�erent

polymorphs of pharmaceutical compounds can vary in their pharmaceutical e�ectiveness,

creating both challenges and opportunities for drug development.6

Among the most important properties of a molecular crystal, particularly for solar cells

or similar applications, is its optical absorption. When di�erent polymorphs of the same

compound exhibit di�erent optical absorption properties, this is known as colour polymor-

phism.7 Such compounds have several potential uses,8 including temperature or mechanical

sensors,9,10 lasers,11 and organic �eld e�ect transistors.12 If the optical absorption properties

of the polymorphs of a candidate compound can be predicted ahead of time, this can help

direct experimental e�orts towards more promising compounds, saving resources and acceler-

ating discovery. One way these predictions can be made is by using �rst-principles materials

modelling methods to describe the electronic structure, such as density functional theory

(DFT). Extensive research e�orts have been focused on predicting the crystal structures of

polymorphs of compounds13,14 using high-throughput work�ows, allowing the structure of

polymorphs to be predicted from �rst principles accurately and at reasonable computational
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cost. The question is then: can we do something similar for the optical absorption spectra

of these compounds?

One of the most popular methods for calculating absorption spectra of molecular crystals

is time-dependent density functional theory (TDDFT), thanks to its balance of accuracy and

computational e�ciency15,16 compared to other methods, such as many-body perturbation

theory via the GW-BSE approach.17 Previous work on molecular crystals using TDDFT has

largely focused on improving accuracy by using more complex density functionals,15,18�21 such

as optimally-tuned screened range-separated hybrid (OT-SRSH) functionals,22,23 but such

calculations can be prohibitively computationally expensive to perform routinely, especially

as the system size increases.

A computationally e�cient alternative is to calculate the optical properties of an ex-

tended system using computationally e�cient, but less accurate, semi-local TDDFT, and to

apply a suitable correction to the spectrum. Previous work has shown that the unphysical

tendency of semi-local TDDFT to over-delocalise excitations can be counteracted by con-

straining the excitations to be localised in real space.16,24,25 This in turn necessitates the use

of supercells to converge the real-space environment in which the excitation is embedded.

As for the correction to the spectrum, this problem is similar to that faced in the calculation

of optical absorption spectra of chromophores in solvent: long-range interactions between

the chromophore and solvent can very strongly a�ect the absorption spectrum.24 To address

this problem for solvated chromophores, Ge et al. introduced a method in which semi-local

TDDFT calculations of a large system consisting of a chromophore in explicit solvent are

corrected using hybrid TDDFT calculations on isolated chromophores (or chromophores in-

teracting with only a few solvent molecules).26 This so-called spectral warping method‡ has

since been used successfully for a range of chromophores in di�erent solvents.25

In this paper, we present a method, based on the spectral warping method of Ge et al.,26

for accurately calculating the optical absorption properties of molecular crystals, in partic-

‡Also known as colour morphing. Note that the spectral warping method referred to here should not be

confused with the time domain transformation often used in electronics.
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ular colour polymorphs. Semi-local TDDFT calculations are performed on a large periodic

supercell (referred to as `semi-local crystal' calculations from here on), and a correction to

the semi-local TDDFT results is then applied, derived from hybrid TDDFT calculations on

dimers (referred to as `hybrid dimer' calculations from here on). In this work, we refer to this

method as the crystal spectral warping method. We demonstrate the power of the crystal

spectral warping method by applying it to three polymorphs of the strongly colour polymor-

phic compound ROY,27 and show that it signi�cantly outperforms semi-local crystal and

hybrid dimer calculations in terms of predicting experimental spectra. Our crystal spectral

warping approach also gives better agreement with experiment than TDDFT calculations

on molecular crystal supercells using the PBE0 hybrid functional, whilst having signi�cantly

lower computational cost.

2 The compound ROY

One of the most famous examples of colour polymorphism is 5-methyl-2-[(2-nitrophenyl)amino]-

3-thiophenecarbonitrile, or ROY for short (see Fig. 1). When �rst described in 1995, �ve

polymorphs were known, which displayed red, orange and yellow colours (hence the name

ROY).29 By 2010, another �ve polymorphs had been discovered,30�33 making it one of the

most polymorphic compounds known up to that point.27 Another polymorph was reported

in 2019,34 bringing the number to eleven: nine whose crystal structures have been found

using X-ray di�raction (R, Y, ON, OP, YN, ORP, YT04, R05, and PO13), and two whose

structures remain unknown (RPL and YT04).7,35

ROY's polymorphs exhibit di�erences in both molecular conformation, and in crystal

packing. Each polymorph is typically named after its colour, and, if necessary, a distinguish-

ing characteristic (e.g., N for needle, P for plate) or the year it was found. The Y polymorph

exhibits piezochromism.36

It is known experimentally that the most important predictor of the colour of a polymorph
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Figure 1: The molecular structure of the ROY molecule. H, C, N, O, and S atoms are
white, grey, blue, red, and yellow respectively. Figure made with Jmol.28 Also labelled is the
most important dihedral angle θ, which controls how planar the molecule is, and is strongly
correlated with the colour of the molecule.

of ROY is the angle θ, which describes how planar the molecule is (see Fig. 1). Values of θ

between approximately 20◦ and 45◦ correspond to red polymorphs, between 45◦ and 60◦ to

orange polymorphs, and 60◦ to 80◦ to yellow polymorphs.7 Lower values of θ lead to more

conjugation within the molecule, which a�ects the electronic states � most importantly, the

states near the band edges � and thus the absorption spectrum. Computational work on ROY

has mostly focused on establishing the relative stability of the polymorphs,7,37 rather than the

absorption spectra. The only published �rst-principles calculations of the optical absorption

properties of ROY (that we are aware of) considered single molecules extracted from the

various polymorphs;38 the absorption spectra were calculated using several di�erent methods,

including TDDFT, and an empirical red-shift to account for the crystalline environment was

applied, estimated from experimental data. In the present study, we go substantially beyond

this, by not just considering the absorption due to isolated molecules, and by calculating the
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crystal red-shift from �rst principles.

We focus on three of the polymorphs of ROY � R, ON, and YN, between them repre-

senting the full range of colours present in ROY � as test cases for our method.

3 Methods

3.1 Structures of the polymorphs

(a) R (b) ON (c) YN

Figure 2: The crystalline unit cells of the three polymorphs of ROY considered in this work.
The a, b, and c axes are coloured red, green, and blue respectively. H, C, N, O, and S atoms
are white, grey, blue, red, and yellow respectively. Figures produced using Jmol.28

Three polymorphs of ROY are considered in this work: R, ON, and YN. YN and R both

have P 1̄ symmetry and two molecular units in the unit cell, whilst ON has a higher P21

symmetry and four molecular units in the unit cell. The structures are shown in Fig. 2. In

the ON polymorph, each pair of nearest neighbour dimers is essentially equivalent, unlike in

the YN and R polymorphs, where there are several di�erent inequivalent nearest neighbour

dimers � YN has two, and R has four.

Experimental structures were obtained from the Cambridge Structural Database,39 with

the data originally sourced from Ref. 27. These experimental structures were all measured at

or near room temperature. Experimental structural data from X-ray spectroscopy will typ-

ically contain some uncertainties, particularly in the positions of light elements; in contrast,
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however, larger-scale structural features, such as the lattice parameters or the important

dihedral angle θ, will be more accurately measured by such experiments. In order to re-

duce these errors, we optimise the experimental geometry using semi-local DFT, with lattice

constants �xed at the experimental values. Fixing θ during the optimisation constitutes a

non-linear constraint which is di�cult to impose in practice � instead, for each polymorph

we use an optimised geometry with as accurate a value of θ as possible, as discussed below.

Standard semi-local DFT does not include dispersion interactions, such as van der Waals

forces, although these can be included easily using various semi-empirical schemes. Includ-

ing dispersion interactions most strongly a�ects the lattice constants, through their e�ect

on intermolecular binding energies. We can therefore implicitly include a large portion of

the e�ect of dispersion interactions by �xing the lattice constants at their room tempera-

ture experimental values. This also facilitates comparison of our results with experimental

measurements taken at room temperature. Using a dispersion correction scheme in our cal-

culations should then provide small adjustments to our results, although since all schemes

are approximate, these adjustments will come with errors too. These adjustments could lead

to an optimised value of θ closer to the experimental value than by optimising the structure

with semi-local DFT alone. As we cannot �x θ at its experimental value, we instead compare

this to the value of θ obtained by relaxing the structures with and without the explicit inclu-

sion of dispersion interactions, and select the structure with the value closest to experiment.

This allows us to have a structure where the worst experimental errors have been relaxed

away, but the important larger-scale parameters (θ and the lattice parameters) are held at

or close to their experimental values.

Here, dispersion interactions are explicitly included using the Tkatchenko-Sche�er (TS)

scheme.40 The results of the relaxations (with experimental lattice constants �xed) both

with and without the TS scheme can be found in Section S2 of the supporting information.

We �nd that for the R and YN polymorphs, semi-local DFT alone gives the closest match

to experiment, whilst for the ON polymorph, including dispersion interactions gives a better

7



match to experiment. Because of this, we use the structure optimised with semi-local DFT

only for the R and YN polymorphs, and the structure optimised with semi-local DFT + TS

for the ON polymorph. These relaxed structures are the ones shown in Fig. 2.

3.2 Calculation of absorption spectra

As previously discussed, the crystal spectral warping method used in this work is an exten-

sion of the spectral warping method for calculating the absorption spectra of molecules in

solvent.26 The spectral warping method is motivated by the fact that a hybrid functional is

usually necessary to obtain quantitatively accurate optical absorption spectra from TDDFT

calculations, but such calculations are often prohibitively computationally costly for large

systems, such as molecules in explicit solvent, or supercells of a molecular crystal. Using a

semi-local functional is much less computationally expensive for these systems, but is gen-

erally much less accurate. Nonetheless, the shape of the spectrum at low energies produced

by a semi-local TDDFT calculation is often qualitatively similar to that obtained using a

more accurate hybrid functional. The main di�erences are often a shift in the energies of

the transitions and a rescaling of oscillator strengths.24,26,41 This implies that we should be

able to apply a (series of) linear transformation(s) to the semi-local TDDFT spectrum, in

order to obtain a good estimate of the hybrid TDDFT spectrum. This is known as spectral

warping. For each excitation of interest, we can calculate the estimated hybrid excitation

energy ωhybrid from the semi-local excitation energy ωsemi-local via the transformation

ωhybrid = αωsemi-local + β . (1)

The oscillator strength f is transformed in a similar way:

fhybrid = sfsemi-local . (2)

8



This observation is unhelpful, however, unless the parameters α, β, and s can be obtained

without performing a large-scale (supercell) hybrid TDDFT calculation. The question is

now how to obtain these parameters without performing such a calculation, so that the

transformations in Equations (1) and (2) can be used to produce an approximate `large-scale

hybrid TDDFT' spectrum from a large-scale semi-local TDDFT spectrum.

Previous work on molecules in solvent has determined these parameters by making use

of the fact that the excitations of interest are largely localised on a particular part of the

system, i.e., the solute. This sub-system is small enough that we can perform semi-local

and hybrid TDDFT calculations on it in isolation. By mapping the former calculation onto

the latter, we can obtain values for α, β and s for each relevant excitation. This mapping

process is performed manually, by comparing the main orbitals involved in the excitations.

These values for α, β and s can then be inserted into Equations (1) and (2), which can

then be used to separately warp each excitation of the larger system calculated using semi-

local TDDFT, generating an absorption spectrum that approximates the hybrid TDDFT

absorption spectrum of the larger system. This process, as used in this work, is shown

schematically in Fig. 3. The advantage of this technique is that it includes the e�ects of

the wider environment on the excitations, as well as treating the excitations accurately with

hybrid functionals. We might expect that the absorption spectrum of a molecular crystal

such as ROY will be dominated by e�ects arising from interactions between nearest neighbour

molecules (i.e., molecular dimers), with the in�uence of more distant molecules providing a

smaller screening correction. Calculations on molecular clusters of increasing size � presented

in Section S7.2 of the supporting information � support this hypothesis. This suggests that

the spectral warping method may work well for molecular crystals if we use the results for

an isolated dimer to determine the warping parameters α, β, and s. This dimer is `cut

out' of the molecular crystal, and used without any further geometry optimisation once it is

isolated.

We compare the optical absorption spectra obtained by the crystal spectral warping
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Figure 3: Schematic showing the crystal spectral warping process. By comparing semi-local
dimer calculations (gold curve) and hybrid dimer calculations (dark green curve), we can
determine linear transformations for the frequency and oscillator strength of each excitation
(purple and light green arrows). We can then apply these transformations to semi-local
crystal calculations (blue curve), producing a spectrally warped spectrum (magenta curve).

method to the spectra obtained through the semi-local crystal and hybrid dimer calculations

outlined above. We also compare our results to experimental measurements. For the YN

polymorph we also compare the results of the crystal spectral warping method to the re-

sults arising from applying a global hybrid functional (PBE0) directly to a supercell of the

molecule crystal. Our reasons for using a global hybrid here are discussed in Section 3.3. A

comparison to supercell TDDFT calculations using a non-optimally tuned range-separated

hybrid functional are also presented in Section S3 of the supporting information.
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3.3 Computational details

The geometry optimisations discussed in Section 3.1 were performed with the plane-wave

pseudopotential DFT code CASTEP42 using the PBE functional.43 As previously noted,

dispersion interactions are included using the TS scheme40 for the ON polymorph only.

These calculations were all run in periodic boundary conditions using only the unit cell of

the polymorph in question. CASTEP's on-the-�y (OTF) norm-conserving pseudopotentials

were used; the corresponding pseudopotential strings can be found in Section S1 of the

supporting information. We used a kinetic energy cut-o� of 1000 eV, and electronic k-

point sampling was performed in CASTEP using a Monkhorst-Pack grid44 with a spacing

of 0.03 Å−1.

The semi-local crystal TDDFT calculations, which also act as the base for the crystal

spectral warping method, were performed with the code ONETEP,45 using the PBE func-

tional.43 As semi-local TDDFT has a well-known issue with over-delocalisation, which leads

to incorrect results, we enforce localisation by restricting the excitations to be localised

on a given dimer, by truncating the response density kernel appropriately, similar to the

approach used previous work.24 This is possible because ONETEP uses a set of localised

non-orthogonal generalised Wannier functions (NGWFs) to represent the electronic struc-

ture. How appropriate dimers are selected is discussed in more detail below. The real-space

constraint on the excitations means that a supercell must be used to converge the size of

the real-space environment in which the excitation is embedded. We used a supercell con-

sisting of 4× 3× 2 unit cells (containing 48 molecular units) for the YN and R polymorphs,

whilst a 4× 1× 2 supercell (containing 32 molecular units) was used for the ON polymorph.

Convergence calculations showed that the supercells used in this work were su�ciently large

to obtain highly accurate results � for more details, see Section S7.1 of the supporting in-

formation. As a linear-scaling DFT code, ONETEP allows us to perform these large-scale

calculations both e�ciently and accurately. These calculations were performed in periodic

boundary conditions. For consistency, we used the same pseudopotentials and kinetic en-
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ergy cut-o� for our ONETEP calculations as those used in our CASTEP calculations. Unlike

CASTEP, ONETEP only samples the Γ-point, as it is designed for use on large-scale systems

(such as the supercells used here) where this is su�cient. More details of the calculational

parameters used can be found in Section S1 of the supporting information.

The semi-local and hybrid dimer TDDFT calculations, which are used to obtain the

parameters for the spectral warping transformations within the crystal spectral warping

method, were performed using NWChem46 (unless noted), using the PBE and PBE047

functionals, respectively. We used PBE0 for this purpose as it has been shown to per-

form well in previous work on benchmarking di�erent functionals for TDDFT in aromatic

dye molecules,48 and also because it gives good results for band gaps in other molecular

systems.49,50 PBE0 is also widely available and well-tested in most TDDFT codes. All

NWChem calculations were performed in open boundary conditions, and the cc-pVDZ basis

set was used for all species. This basis set does not include di�use basis functions, which can

substantially increase accuracy for some systems.51 However, we have found that including

di�use basis functions only produces a small rigid correction to our NWChem results, and

that the spectral warping parameters are barely a�ected at all. This is due to the cancel-

lation of systematic errors present in both the PBE and PBE0 calculations, which result in

the calculations at di�erent levels of theory shifting by almost exactly the same amount. As

including di�use basis functions signi�cantly a�ects the computational expense and numeri-

cal stability of the calculations,51 we therefore use the cc-pVDZ basis set. Further discussion

of the e�ects of using di�use basis functions can be found in Section S7.3 of the supporting

information.

The hybrid crystal TDDFT calculation for the YN polymorph was performed with the

mixed Gaussian/plane-wave DFT code CP2K,52 using the hybrid functional PBE0. As

previously noted, these calculations are signi�cantly more expensive than equivalently-sized

semi-local crystal TDDFT calculations, particularly in terms of computer memory. This

limited us to performing these calculations on only one polymorph (YN), and also to a
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smaller supercell than that used elsewhere in the semi-local crystal TDDFT calculations

(3 × 2 × 1 versus 4 × 3 × 2). These calculations were performed in periodic boundary

conditions. We used the cc-TZV2P-GTH basis set for all species except S, for which we

used TZV2P-GTH, and we used the potentials GTH-PBE-q1, -q4, -q6, -q5, and -q6 for H,

C, O, N, and S, respectively. These potentials are those distributed with CP2K. For hybrid

functional calculations in periodic boundary conditions in CP2K, it is necessary to limit the

range of the exact-exchange part of the functional. For the PBE0 calculations, we used a

truncated Coulomb potential with a cut-o� radius of 5.8 bohr.

To reduce computational cost, the Tamm-Danco� approximation53 (TDA) was applied

in our ONETEP and CP2K TDDFT calculations. This approximation neglects the coupling

between excitation and de-excitation processes, making the TDDFT eigenvalue problem

Hermitian, and thus much easier to solve. The TDA typically gives accurate excitation

frequencies, but performs worse for the oscillator strengths.16,54 In this work, we are primarily

interested in the positions of the peaks in the absorption spectrum, so the TDA is a reasonable

approximation to take. However, in our NWChem calculations, the TDDFT problem was

solved in full, allowing any error in the oscillator strengths to be partially corrected by

the spectral warping correction. Closer testing showed that using the TDA rather than

full TDDFT for our NWChem calculations had very little e�ect on the spectral warping

parameters, thanks to a cancellation of errors similar to that for di�use basis functions

described above, but we maintain the use of full TDDFT in our NWChem calculations for

the sake of accuracy. Further discussion of the e�ects of using the TDA can be found in

Section S7.4 of the supporting information.

One aspect of the calculations that should be particularly noted is that, as pointed out

in Section 3.1, there are several inequivalent nearest neighbour dimers in the YN and R

polymorphs. To build up a full spectrum, therefore, it is necessary to add together the

contributions from each inequivalent dimer. This means the hybrid dimer results presented

in Section 4 are actually the sum of the absorption spectra for each of these isolated dimers.
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Similarly, the semi-local crystal results presented are the sum of the absorption spectra with

the excitation restricted to be on each of these dimers in turn. To obtain the crystal spectral

warping results, the spectral warping procedure described above is applied to each dimer

separately � the semi-local TDDFT calculation with the excitation restricted to a given

dimer is warped using the vacuum results for the same dimer. The warped results for all

dimers are then summed to give the crystal spectral warping spectra.

Apart from the codes used to perform the actual TDDFT calculations, we also used c2x55

to construct supercells, and Jmol28 and VESTA56 for visualisation purposes.

4 Results

Before presenting the results of the crystal spectral warping method, it is important to

discuss the spectral warping process used. Figs. 4a, b, and c show the absorption spectra

used to calculate the spectral warping transformations for the R, ON, and YN polymorphs

respectively, i.e., the absorption spectra calculated for isolated dimers using PBE and PBE0,

summed over all symmetry-inequivalent nearest neighbour dimers. It should be noted that

the PBE0 results presented in Fig. 4 correspond to the hybrid dimer calculations shown in

Fig. 5. To obtain realistic, smoothed spectra, we apply a Gaussian broadening to the raw

TDDFT excitation excitations, with standard deviation of 0.002 hartree (0.0544 eV). This

results in the vast majority of the broadening shown, as the excitation energies were largely

similar for symmetry-inequivalent dimers. To decide on which excitations spectral warping

should be applied to, we look at the PBE0 results, and identify any excitations within the

visible range that have signi�cant oscillator strength.

In the R and YN polymorphs, there is only one relevant excitation by these criteria,

making the spectral warping process straightforward. In the ON polymorph, however, there

is more than one potentially relevant excitation in both the PBE and PBE0 spectra, meaning

we need to perform spectral warping separately on each of these excitations. In both the
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Figure 4: Calculated absorption spectra for isolated dimers extracted from the R, ON,
and YN polymorphs. Each sub�gure shows the spectra calculated using both PBE and
PBE0 functionals, summed over symmetry-inequivalent nearest neighbour dimers from each
polymorph. These spectra correspond to the sum of the spectra used for the spectral warping
process. Arrows indicate the peaks used to obtain the spectral warping parameters � in the
case of ON, corresponding peaks in the PBE and PBE0 spectra are labelled with the same
number. The PBE0 results correspond to the hybrid dimer calculations discussed in the
main text. The vertical dotted lines show the approximate edges of the visible spectrum.

PBE and PBE0 spectra, there are 4 peaks. In the PBE spectrum, peaks 1 and 2 have

e�ectively the same energy, but in the PBE0 spectrum they split, as seen in Fig. 4b. Peak

4 is by far the strongest in both the PBE and PBE0 spectra, which means that the nearby

peak 3 is not visible in Fig. 4b, although its approximate position is labelled. A spectral

warping transformation is found for each corresponding pair of peaks: one mapping the `1'

peaks onto each other, one mapping the `2' peaks onto each other, and so on. These spectral
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Figure 5: Calculated absorption spectra for the R, ON, and YN polymorphs, calculated using
several di�erent methods, as described in Section 3.2. Each sub�gure compares the spectra
calculated by our crystal spectral warping method with the results of semi-local crystal and
hybrid dimer calculations, as described in the main text, as well as experimental data, for
each polymorph. The crystal calculations were performed using a 4× 3× 2 supercell for the
R and YN polymorphs, and a 4× 1× 2 supercell for the ON polymorph. Experimental data
is taken from Ref. 38. The vertical dotted lines show the approximate edges of the visible
spectrum.

warping transformations are used to transform the semi-local crystal calculations for the

ON polymorph. In all spectral warping calculations, we follow previous work24 and take

α = 1, meaning that spectral warping e�ectively corresponds to a rigid frequency shift and

a rescaling of the oscillator strength. The values of β and s resulting from this process are

tabulated in Section S5 of the supporting information.

The absorption spectra calculated using the crystal spectral warping method for the R,
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Spectrally warped
        crystal

R ON YNMethod

Figure 6: Swatches of colours generated from the absorption spectra calculated using sev-
eral di�erent methods, as well as from experimentally measured spectra. The spectra used
are those shown in Fig. 5. The colour swatches were generated using the Colour Python
package,57 using the method described in Section S4 in the supporting information.

ON, and YN polymorphs are presented in Figs. 5a, b, and c respectively, and are compared

to hybrid dimer results and experimental data.38 The same Gaussian broadening is applied

as in Fig. 4. In the R and YN polymorphs, the crystal spectral warping method signi�cantly

improves on the hybrid dimer results, predicting a main absorption frequency much closer to

the experimental value. For R, the hybrid dimer calculations predict an excitation frequency

0.36 eV above the experimental peak, whilst the crystal spectral warping method gives a

frequency that is only 0.16 eV above. For YN, the hybrid dimer calculations predict a

frequency that is 0.28 eV above the experimental peak, but this di�erence is reduced by an

order of magnitude by the crystal spectral warping method, giving a frequency only 0.02 eV

above experiment. In ON, the picture is slightly more complicated due to the presence of

four absorption peaks, which are likely smeared into one in the experimental measurement.

However, if we look at the main (highest) peak (corresponding to peak 4 on Fig. 4b), we

can see that the crystal spectral warping method agrees more closely with experiment than

the hybrid dimer calculations. Hybrid dimer calculations predict an energy of 0.17 eV away

from the experimental peak for the main peak; using the crystal spectral warping method,

the main peak is 0.11 eV away. Importantly, the crystal spectral warping method is closer to
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Figure 7: Absorption spectra for the YN polymorph calculated using several di�erent meth-
ods, as described in Section 3.2. Selected results from Fig. 5c are compared to the results
of hybrid TDDFT supercell calculations, performed with the PBE0 functional. `3 × 2 × 1
SC, CP2K (PBE0)' shows the spectra calculated with CP2K using PBE0 for a 3 × 2 × 1
supercell. `4 × 3 × 2 SC, ONETEP (warped)' and `Dimers, NWChem (PBE0)' show the
same data as `Semi-local crystal ' and `Hybrid dimer ' in Fig. 5c respectively, but have been
renamed to emphasise the size of supercell and functional used. Experimental data is taken
from Ref. 38. The vertical dotted lines show the approximate edges of the visible spectrum.

experiment than the hybrid dimer calculations in all polymorphs. More details of how the

crystalline environment a�ects the character of the excitation are presented in Section S6 of

the supporting information. Interestingly, these results suggest that, in the full crystalline

environment, the excitations localise even further compared to in an isolated dimer. This

suggests that the potential provided by the surrounding molecular crystal has the e�ect of

con�ning the excitation, so that the excitation in the true molecular crystal is actually almost

(but not completely) monomeric in nature.

The conclusion that the crystal warping method is an improvement over hybrid dimer

calculations is backed up strikingly, although qualitatively, by generating colour swatches for

each method used, as well as the experimental data. The Colour Python package57 is used

to do this, following the method laid out in Section S4 of the supporting information. Fig. 6

shows these swatches for each polymorph. The swatches corresponding to the experimental

data demonstrate that the three polymorphs are indeed red, orange, and yellow in colour, as

expected. It can be seen that the spectral warping results give a colour signi�cantly closer
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than the hybrid dimer results to the experimental colour. The hybrid dimer and crystal

spectral warping methods give a yellow-orange and brown-red colour respectively for the R

polymorph; for the ON polymorph, the colours are yellow and red-orange respectively; for

the YN polymorph, the colours are light yellow and yellow respectively. This qualitative

improvement in colour prediction is a direct result of the improvement shown in Fig. 5 and

previously discussed. Alongside the quantitative data shown in Fig. 5, this demonstrates

that the crystal spectral warping method, for a reasonable increase in computational cost,

can signi�cantly improve on the accuracy of the hybrid dimer calculations of absorption

spectra and colour when compared to experiment.

In Fig. 7, we compare our crystal spectral warping method to the results of treating a

crystal supercell of the YN polymorph fully with the hybrid functional PBE0, using CP2K.

Again, the same Gaussian broadening is applied as in Fig. 4. As previously mentioned in

Section 3.3, these hybrid crystal TDDFT calculations were performed on a smaller supercell

than the semi-local crystal TDDFT calculations (3 × 2 × 1 versus 4 × 3 × 2). This should

be borne in mind when comparing the results of the calculations, but the results still give

an estimate of the relative accuracy of the crystal spectral warping method compared to

full hybrid calculations, and also demonstrate the limits of what accuracy is achievable with

limited computational time or hardware. The PBE0 functional performs reasonably well,

predicting a frequency 0.16 eV above the experimental peak, but the crystal spectral warping

method still slightly outperforms it. This is likely due to the larger supercell size used in the

semi-local ONETEP calculations, allowing slightly longer-range e�ects to be included in the

calculation. This, coupled together with the signi�cant reduction in cost, makes the crystal

spectral warping method superior in this case. A further comparison against calculations

using a non-optimally tuned version of the OT-SRSH functional22 is presented in Section S3

of the supporting information.

We also cross-check that the choice of code does not signi�cantly a�ect accuracy, as

both CP2K and ONETEP are used in this work for supercell calculations, by calculating
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the absorption spectrum of a 3 × 2 × 1 supercell with both codes, using PBE and placing

no localisation restriction on the excitations (results not shown). There is a less than 1%

di�erence in the frequency of the strongest excitation, demonstrating that the choice of code

does not a�ect the result.

5 Potential future extensions

The crystal spectral warping approach applied in this work is, at its core, quite a general one,

and there are a number of di�erent avenues through which it could be extended to include

more complex e�ects. Although we do not do include these e�ects in the present work, in the

following we discuss how the crystal spectral warping method could be modi�ed to include

them.

One phenomenon would be the e�ect of vibrations and temperature on the absorption

spectrum. This is a topic that has been explored for chromophores in solvent with suc-

cess.25,58 To include these e�ects, there are two main methods: the ensemble approach, and

the Franck-Condon approach, although these can be employed simultaneously. The ensem-

ble method typically includes the motion of the nuclei at a classical level, by averaging the

absorption spectrum over a set of snapshots taken from a molecular dynamics trajectory. In

a solvated small-molecule system, on the order of 100-1000 snapshots are usually required for

convergence,25,58 to ensure that con�gurational space is su�ciently sampled. The number

of snapshots required for a molecular crystal system such as ROY would require similarly

careful convergence. Assigning and keeping track of symmetry-inequivalent dimers provides

an additional complication, but likely only a minor one.

Whilst the ensemble method includes low-frequency, classical, vibrational contributions to

the absorption spectrum, the Franck-Condon approach aims to include quantum mechanical

vibronic e�ects, where electronic and vibrational degrees of freedom are excited simultane-

ously.58 This requires the computation of overlap integrals between nuclear wavefunctions in
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the ground and excited electronic states (under a set of simplifying assumptions), and there-

fore an optimised initial geometry. Combining the Franck-Condon and ensemble approaches

naïvely, by computing overlap integrals for each snapshot, is likely to be unfeasible com-

putationally, but work on solvated systems suggests that combining the zero-temperature

Franck-Condon result with the ensemble approach gives good results.58

Another way to extend the crystal spectral warping method would be through using

methods other than semi-local/hybrid TDDFT for the two levels of calculation. In particu-

lar, going beyond hybrid TDDFT could allow phenomena such as excitons to be included;

such methods could include the Bethe-Salpeter equation,59 quantum Monte Carlo,60 or even

(multi-reference) coupled cluster theory.61 However, there are three considerations regarding

which methods could be picked.

Firstly, it must be computationally feasible to use the two levels of theory on the system

sizes required of them � it must be feasible to apply the lower level of theory (semi-local

TDDFT in this work) to both small- and large-scale systems (in this work, dimers and

supercells respectively), and it must be feasible to apply the higher level of theory (hybrid

TDDFT in this work) to small-scale systems.

Secondly, the lower level of theory must be trusted to give a qualitatively correct descrip-

tion of the system in both small- and large-scale systems. If this is not true of the lower

level of theory, the crystal spectral warping method will not work, no matter which theory

is used for the higher-level calculations.

Thirdly, mapping excitations computed at the lower level of theory to those computed

at the higher level may become more complicated if the two methods are less similar than in

this work � for example, if the lower level of theory is density-based, but the higher level is

wavefunction-based. This is not a restriction, but does provide an additional complication

that would need to overcome.
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6 Conclusions

In this work, we have presented the crystal spectral warping method, based on applying

a simple warping to large-scale crystalline semi-local TDDFT calculations, to accurately

predict the absorption spectra of molecular crystals. This method is adapted from a method

previously used successfully for molecules in solvent.25,26 We have applied our crystal spectral

warping method to three of the polymorphs of the highly colour polymorphic compound

ROY, and compared its performance to a method based on hybrid TDDFT calculations on

dimers, and a theoretically more accurate but signi�cantly more computationally expensive

full hybrid TDDFT method. The results of these comparisons show that the crystal spectral

warping method improves on the hybrid dimer calculations, and also outperforms the full

hybrid method, at least for the PBE0 hybrid functional. Our results also suggest that to

calculate absorption spectra for molecular crystals, di�erent methods will be appropriate in

di�erent scenarios, in order to balance accuracy and computational cost. If high accuracy

is required, but computational resources are limited, the crystal spectral warping method

presented here is likely to be the best option. If only an approximate result is required,

smaller hybrid dimer TDDFT calculations may be more cost-e�ective.

This work presented here will allow signi�cantly higher accuracy calculations of absorp-

tion spectra of molecular crystals than was possible previously, for a modest increase in

computational expense, making such calculations routine. The crystal spectral warping

method can also be easily implemented in a work�ow, making it possible to automate the

prediction of absorption spectra. This should enable high-throughput exploration of the

optical absorption properties of molecular crystals and their polymorphs, making the search

for systems with speci�c optical properties signi�cantly more computationally e�cient.
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Further details of pseudopotentials and basis sets used in this work; discussion of the e�ect

of dispersion corrections on structure; comparison of results for the YN polymorph against

non-optimally tuned range-separated hybrid functional results; outline of colour prediction

theory used in this work; further details of the spectral warping parameters used in this work;

discussion of the character of the excitations in dimer and supercell geometries; analysis of

approximations made, including supercell size convergence, use of dimer as a basic unit,

Gaussian basis set convergence, and use of the Tamm-Danco� approximation.

This material is available free of charge via the Internet at http://pubs.acs.org/.
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